It is suggested that dark energy is the energy of the Hawking radiation from a cosmic horizon. Despite of its extremely low Gibbons-Hawking temperature, this radiation could have the appropriate magnitude O(M 2 P H 2 ) and the equation of state to explain the observed cosmological data if there is a Planck scale UV-cutoff, where H is the Hubble parameter.
from the cosmic horizon. In Sec. II we discuss the quantum nature of this dark energy. In Sec. III we show the relation between the entropy of the cosmic Hawking radiation and dark energy. In Sec. VI the predictions of our theory are compared with the observational data and cosmological constraints. Section V contains discussions.
II. QUANTUM NATURE OF DARK ENERGY
At a first glance, the idea linking dark energy to the Hawking radiation may look counterintuitive, because the Gibbons-Hawking temperature of the present cosmic event horizon T H ∼ O(H) ∼ 10 −60 M P ≃ 10 −32 eV [38] is extremely low and thermal radiation usually has a positive equation of state unlike dark energy. However, it is known [39] that Hawking radiation and ordinary thermal radiation such as CMBR are very different in their nature. The ordinary radiation is composed of excited quanta of which existence usually has an observer independent meaning, while the presence of the Hawking radiation, being the transformed vacua, is observer dependent [40] . For example, an observer at rest far from a black hole can see the Hawking radiation from the horizon, while another observer freely falling toward the black hole could not see the radiation. Similarly, the cosmic Hawking radiation seen by one observer O A could be just the vacuum fluctuation for another observer O B sitting at a different position. (See Fig.  1 .) Instead, the observer O B could see his/her own Hawking radiation from his/her own horizon.
The quantum field theoretic calculations of the energy density of the cosmic Hawking radiation support this idea too. It is well known that the cosmic Hawking radiation in de Sitter universe has a energy momentum tensor T µν = ρg µν and hence the equation of state −1 like the cosmological constant [39] which is different from that of the thermal radiation. Unfortunately, this Hawking radiation is known to have too small energy density [39] ,
to explain the observed dark energy density and, hence, it has never been considered as a candidate for dark energy. This value was obtained by calculating Bunch-Davies vacuum energy density for a scalar field φ in de Sitter universe [41] . Here, φ k is the mode with the momentum k on the curved space-time, which contains H in its expression. However, this value was obtained by using the renormalization technique with an infinite UV cut-off and not adequate when there is a finite UV cut-off k u , as in our case. It was shown in [42] that with a finite UV-cutoff k u , the energy density above should be changed to
We notice that if we choose a natural value, M P , as the UV-cutoff, the energy density of Hawking radiation is not
, which is just of order of the dark energy density observed! Thus, for a De Sitter-like universe, we can expect that the cosmic Hawking radiation is a plausible candidate for dark energy.
III. DARK ENERGY AND COSMIC HAWKING RADIATION
Let us roughly estimate this dark energy (Hawking radiation energy) density by assuming that the change of Hawking radiation energy is given by the change of "horizon energy" [43] 
where T H is the temperature of the horizon. In [29] we use this usual 'first law-like equation' to define the entanglement energy. The relation between this energy and causal horizons is investigated by Jacobson [44] . We are supposing that the emission of the cosmic Hawking radiation actually represents the change of the vacuum energy or the horizon energy satisfying Eq. (3) as in black hole cases. The Hawking radiation for an observer could be just the vacuum state for another observer. In cosmology, the Hubble horizon, the event horizon, and the apparent horizon are usually considered for the comic horizon. Let us denote the radius of these generic horizons with r. For the cosmic horizons the Hawking temperature is usually given by T H ∼ 1/r [45, 46] and is of order the Hubble parameter H. Thus, the typical dark energy from the cosmic Hawking radiation is
which is the value just required. Here, inspired by the holographic principle, the dark entropy S Λ is assumed to be proportional to the horizon area in Planck unit, i.e., S Λ ∼ M 2 P r 2 . This 'area-law' for the entropy related to the horizon is typically observed in the entanglement theory [47] , string/M theory [48] and the quantum gravity theory [17] . (One can say that the Hawking radiation has a 'surface' property while the CMBR has a 'volume' property, which is the key property allowing the Hawking radiation to be a plausible dark energy candidate.) Therefore, this kind of dark energy generally has the form of HDE and could explain the present value of the observed dark energy density. Although the HDE model is a promising alternative, it has its own difficulties [49, 50, 51] and the exact origin of the HDE itself has yet to be adequately justified in the field theoretic context. It is also worth mentioning that the cosmic Hawking radiation and Hawking radiation from a black hole have differences too. For the black hole, the Hawking temperature increases as the Hawking radiation is emitted, while for the universe the temperature decreases. This may have a quantum informational origin [29, 30] . In the cosmological case, the outside of the horizon is invisible to the observer, while for the black hole the inside of the horizon is invisible. We have seen that if the entropy of the cosmic Hawking radiation satisfies the 'area-law', it is almost unavoidable that the radiation behaves as dark energy. The key issue now is how much entropy cosmic Hawking radiation actually has.
How can we explicitly calculate the entropy of the cosmic Hawking radiation? Hawking et al. [52] , argued that the entropy of the de Sitter horizon can be described as the quantum entanglement of the conformal field theory vacuum across the horizon and it can also be viewed as the entropy of the thermal Rindler particles near the horizon, i.e., Hawking radiation. In this paper we follow this interpretation. They also showed that the entanglement entropy of four-dimensional space-time with a horizon such as the de Sitter universe is
where a is a UV cut-off, G 4 is the 4-dimensional gravitational constant, N dof is the degrees of freedom, and A 4 is the area of the horizon. Thus, the 4-dimensional Planck mass is related to G 4 and the number of fields in this theory. Similarly, one can also calculate the entropy of the Hawking radiation using the concept of entanglement of quantum fields [53, 54] . The entanglement entropy of a quantum field with a horizon is generally expressed in the form S Ent = βr 2 /a 2 , where β is an O(1) constant that depends on the nature of the field. Entanglement entropy for a single massless scalar field in curved backgrounds with a time-dependent event horizons is calculated in Ref. [53, 54] using a Hamiltonian approach. By performing numerical calculations on a sphere lattice, β = 0.30 was obtained for Friedmann-Robertson-Walker universe. If there are N dof spin degrees of freedom of quantum fields within r, due to the additivity of the entanglement entropy [55] , we must add up the contributions from all of the individual fields to S Ent [53] , that is, S Ent = N dof βr 2 /a 2 . In this case dark energy becomes the entanglement dark energy in [29] . To explicitly calculate the dark energy density, let us choose a specific horizon for the dark energy. It is well known that HDE with the particle horizon does not give an accelerating universe [56] , while HDE with the event horizon does [15] . Thus, henceforth, we investigate the most plausible case, where r = R h is the radius of the future event horizon
For the temperature T H of the Hawking radiation we use the Gibbons-Hawking temperature [40] 1/2πR h and for the entropy S Λ we choose the entropy satisfying the holographic principle, i.e, S Λ = πR 2 h m 2 P . This choice of S Λ corresponds to the first equality of Eq. (4). This is a plausible choice because our universe is going to a dark energy dominated universe, which can be a quasi-de Sitter universe [57] . Here m P = √ 8πM P and we consider the flat (k = 0) Friedmann universe described by the metric ds 2 = −dt 2 + R 2 (t)dΩ 2 . By integrating Eq. (3) one can easily obtain
with the parameter d = √ 2. This ρ Λ decreases much slowly than ρ r and could eventually dominate the universe [38] . Alternatively, considering that the temperature is varying, one may use the minimum free energy condition [30] 
which leads to d = 1. The current observational constraint is d = 0.91
−0.18 [58] , which is in a good agreement with our predictions. Since our universe is not exactly equal to the de Sitter universe, S Λ or T H can be slightly different from that of the de Sitter universe. Thus, it is expected that d is approximately 1 as observed.
IV. OBSERVATIONAL CONSTRAINTS
Let us move on the issue of the equation of state, or how the cosmic Hawking radiation could accelerate the expansion of the universe. Recall that the Hawking radiation, even when it is the electromagnetic waves, does not have the equation of state for thermal radiation, 1/3. It is important to note that, contrary to intuition, the (effective) equation of state of matter in the universe is a dynamical property rather than its intrinsic nature. It depends on how the energy density changes as the universe expands [29] . (See Eq. (8).) For example a scalar field rolling down very slowly its potential behaves like dark energy (i.e., quintessence), while during a rapid oscillation around the potential minima it behaves like ordinary matter.
To be more precise, consider perfect fluid having the energy momentum tensor T µν = (ρ Λ + p Λ )U µ U ν − p Λ g µν , which the homogeneous dark energy should satisfies, where U µ U µ = 1. It is well known that, from the cosmological energy-momentum conservation equation T µν ;ν = 0, one can obtain
This equation implies that the perfect fluid with increasing total energy within a comoving volume as the universe expands has effective negative pressure and could play a role of dark energy [38] . When HDE dominates other matter density, its energy density behaves as ρ Λ ∼ R −2+2/d [15] , hence, the total dark energy in the comoving volume ρ Λ R 3 is an increasing function of time. Thus, the Hawking radiation having the energy in the form of HDE could act as dark energy for d > 0, because its energy density ρ Λ decreases slower than 1/R 3 . Interestingly, our theory can be verified even current observational data. From Eq. (8) one can obtain the equation of state for our dark energy in the form of HDE in Eq. (6) [15, 59] 
and the change rate of it at the present time [15, 60] 
where z is the redshift parameter, w Λ (z) ≃ w (Fig. 2 of [61] ) and our theoretical predictions. The contours represent 95% and 68% C.L., respectively. The white dot denotes the best-fit point from the observations. The black dot represents our theoretical prediction with dEΛ = d(THSΛ) and the triangle with dEΛ = THdSΛ. The white star indicates the results for the entanglement dark energy in [29] .
It was also shown that the dark energy in this form can solve the cosmic coincidence problem too, if there was an ordinary inflation with the number of e-fold N ≃ 65 at the very early universe [15, 38] . As is well known, to solve many problems of the standard big-bang cosmology we need an inflation N > ∼ 60. Note that there is also a conjectured theoretical upper bound, N < ∼ 65 from the holographic principle [63, 64, 65] for the asymptotic de Sitter universe or from the density perturbation generation [66, 67] . Thus, very interestingly, the required N value falls within the narrow range expected from other cosmological constraints. It is also interesting that the HDE model is connected to the second law of thermodynamics [68] . Now, we investigate whether the cosmic Hawking radiation is consistent with other cosmological constraints. The typical (peak) wavelength of the cosmic Hawking radiation at present is λ ∼ 1/T H ∼ 1/H, which is comparable to the size of the observable universe. This huge wavelength explains why we could not detect dark energy directly so far and why dark energy seems to be so homogenous. For example, let us consider the decoupling of electron from the cosmic Hawking radiation. As is well known the electron is decoupled from the radiation when the scattering rate Γ = n e σ T is smaller than the Hubble parameter H. Here, n e is the free electron number density, and σ T = 6.65 × 10 −25 cm 2 is the Thomson cross section [69] . Since the binding energy of hydrogen, 13.6 eV , is much larger than T H , the ionization of hydrogen and the increase of n e due to the Hawking radiation is negligible and hence we can ignore the electromagnetic effect of the Hawking radiation on the hydrogen as long as T H ≪ 13.6 eV . Another example is the effect of photons in the Hawking radiation on the ultra high energy cosmic ray (UHECR, mainly proton). In this case we can obtain Greisen-Zatsepin-Kuzmin (GZK)-like cut-off [70] for the energy of cosmic rays interacting with the Hawking radiation [71, 72, 73] 
where, we used T H = 10 −32 eV for the photon energy instead of the energy of usual CMBR photon, and m p is the proton mass and m π is the pion mass. This bound is well above the Planck energy and the observed constraints E p < 6 × 10 10 GeV [74] . Thus, the effect of the Hawking radiation photons on the UHECR is negligible compared to that of CMBR too. Furthermore, the temperature of the cosmic Hawking radiation is too low to distort the CMBR signal [75] .
The cosmological principle implies the homogeneity of the Hawking radiation and this also justifies the simpleminded use of the spherical volume 4πR 3 h /3 during the above calculation of ρ Λ at the center of the horizon sphere.
Hawking radiation also provides a mechanism linking the local dark energy density to the global property of the horizon, because the gravitational field at the center plays a role of a detector for the energy density of the radiation from the horizon. This dark energy neither spoils the standard inflation scenario. Note that this dark energy is different from the energy from quantum fluctuation of an inflation field φ, even though the both energy is related to the quantum fluctuation of the vacuum. The inflaton energy density fluctuation comes from the fluctuation of the arrival time for the inflaton to roll down to the potential minima due to the quantum fluctuation δφ of the inflaton field. Thus, it is highly dependent on the shape of the potential. On the other hand, the energy of Hawking radiation is from all quantum fields regardless of its potential. Furthermore, in [38] , it is shown that the size of the event horizon is an exponentially increasing function of time t during the inflation, i.e.,
where A and t i are constants and H i is the Hubble parameter at the inflation. Thus, after some e-folds of expansion, the energy density of Hawking radiation which is proportional to 1/R 2 h is negligible compared to the inflaton energy density and does not spoil the usual scenario of inflation.
Although, ρ Λ has no explicitly, the quantumness of the Hawking radiation can be seen clearly from the existence of in Gibbons-Hawking temperature T H = /2πR h , where R h is the radius of the cosmic event horizon. Does the quantum nature of Hawking radiation spoil the classical description of back ground geometry? To see this is not the case, consider the back-reaction of the quantum fluctuation in chaotic inflation as an example. This is a second order effect in the cosmological perturbation. The fractional contribution of scalar metric perturbations ρ s to the total energy density ρ 0 is shown [76] to be
which is negligible when φ < ∼ M P and the inflaton mass m ≪ M P . The energy scale of dark energy today is even much lower than this inflation scale. Furthermore, to make the local space-time fluctuate significantly due to the quantum effect the energy density of dominant matter should be at least O(M 4 P ) [77] . Thus, generally, the quantum fluctuation of the space-time due to the Hawking radiation is small compared to the quantum gravitational scale, and we can treat the evolution of the universe classically even when the dark energy from Hawking radiation dominates the universe. The cosmological effect of the Hawking radiation is relevant only at the cosmological scale in an average sense.
V. DISCUSSION
We can summarize how the cosmic Hawking radiation could solve the dark energy problem. In this scenario, the dark energy density is small due to the holographic principle, comparable to the current critical density because the number of e-folds during the inflation N ≃ 65 or the horizon size is O(1/H), and non-zero due to the unavoidable quantum fluctuation. The cosmic Hawking radiation also explains why dark energy is so homogeneous and can hardly interact with ordinary matter. Its wavelength is simply too long.
Let us discuss the possible direction of future research. Although the event horizon is the most natural candidate for our purpose from the viewpoint of quantum information science and gravity, it is still possible that the proper horizon for dark energy could be other horizon besides the event horizon [78] such as the apparent horizon [79] . In this case the interaction between dark matter and Hawking radiation would be important. Since ω 0 Λ and ω 1 will be precisely constrained by observations in the near future, our model can be verified soon, once we derive the properties of the cosmic Hawking radiation more precisely. Thus, deriving the exact entropy or energy of the cosmic Hawking radiation would be of great importance in this direction. The temperature of the cosmic Hawking radiation may be too low to be detected above the CMBR [75] , however, the cosmic Hawking radiation and its energy may be simulated using the acoustic horizons [80, 81] or optical black holes [82] in laboratories. If dark energy is really the energy of the cosmic Hawking radiation, this model provides not only a new direction to solve the dark energy problem, but also the first observational evidence for the Hawking radiation itself. 
